The electron density of monoclinic paracetamol was derived from high-resolution X-ray diffraction at 100 K. The Hansen-Coppens multipole model was used to refine the experimental electron density. The topologies of the electron density and the electrostatic potential were carefully analyzed. Numerical and analytical procedures were used to derive the charges integrated over the atomic basins. The highest charge magnitude (À1.2 e) was found for the N atom of the paracetamol molecule, which is in agreement with the observed nucleophilic attack occurring in the biological media. The electric field generated by the paracetamol molecule was used to calculate the atomic charges using the divergence theorem. This was simultaneously applied to estimate the total electrostatic force exerted on each atom of the molecule by using the Maxwell stress tensor. The interaction electrostatic energy of dimers of paracetamol in the crystal lattice was also estimated.
The electron density of monoclinic paracetamol was derived from high-resolution X-ray diffraction at 100 K. The Hansen-Coppens multipole model was used to refine the experimental electron density. The topologies of the electron density and the electrostatic potential were carefully analyzed. Numerical and analytical procedures were used to derive the charges integrated over the atomic basins. The highest charge magnitude (À1.2 e) was found for the N atom of the paracetamol molecule, which is in agreement with the observed nucleophilic attack occurring in the biological media. The electric field generated by the paracetamol molecule was used to calculate the atomic charges using the divergence theorem. This was simultaneously applied to estimate the total electrostatic force exerted on each atom of the molecule by using the Maxwell stress tensor. The interaction electrostatic energy of dimers of paracetamol in the crystal lattice was also estimated.
Introduction
Ultra-high-resolution X-ray diffraction experiments are very accurate nowadays and enable us to extract the precise electron-density distribution in crystalline materials. From the electron density it is possible to derive one-electron properties such as the electrostatic potential and other atomic or molecular moments. For many years we have been involved in the developments of electrostatic property methodologies and calculations. In our recent research, a software to calculate the forces acting on atoms in the molecules has been developed (Bouhmaida & Ghermani, 2008) . We have previously characterized the electrostatic potential through its first derivative, i.e. the electric field and its critical points (Bouhmaida et al., 2002) . All these calculations are based on the Hansen-Coppens multipolar atom model (Hansen & Coppens, 1978) which is widely used in the refinement of high-resolution diffraction data. Our applications are mainly dedicated to pharmaceutical and biologically active molecules. It is important to provide accurate electrostatic parameters for drugs to understand their mode of action. Such parameters can also be used in further investigations like modelling and docking drugs into binding sites of enzymes and proteins, where the choice of force fields is a crucial problem. Paracetamol (acetaminophen) is a widely used analgesic and antipyretic drug throughout the world. It presents a weak antiinflammatory action and has moderate side effects compared with aspirin. The mode of action of paracetamol in the nervous system has been very recently described by Hö gestä tt et al. (2005) . It was shown that the main metabolite of paracetamol is the p-aminophenol (after deacetylation) which interacts with arachidonic acid to form the AM404 inhibitor.
In the solid state, paracetamol exhibits two phases, the monoclinic form I (Haisa et al., 1976) and the orthorhombic form II (Nichols & Frampton, 1998) . Solvates and hydrates of paracetamol have also been reported in the literature (Di Martino et al., 1997; McGregor et al., 2002; Parkin et al., 2002) . The monoclinic form of paracetamol is the most stable polymorph and is easy to obtain in a standard crystallization process. The orthorhombic form is, however, the most relevant form pharmaceutically for compression into tablets (Jain, 1999) . In the present study the experimental electron density distribution in monoclinic paracetamol has been derived from X-ray diffraction data collected at 100 K to a resolution of sin / = 1.21 Å À1 . Completeness (100%) of the data was only obtained to a resolution of 1.02 Å À1 . The contribution of the remaining high-order and incomplete data (one third of the measured unique reflections) to the results is discussed and illustrated by the electrondensity maps. The topologies of the electron density and the electrostatic potential were carefully analyzed. The atomic charges and the electrostatic forces acting on the atoms in paracetamol molecule are presented and discussed. The interaction electrostatic energy between molecules in the crystal is also estimated.
Experimental
Crystals of paracetamol were grown by slow evaporation from a saturated aqueous solution. Only the stable monoclinic phase of paracetamol was obtained in this case. A suitable colourless blocklike crystal sample was chosen for the high-resolution X-ray diffraction experiment which was carried out at 100 K on a Siemens Smart CCD 1K diffractometer using Mo K radiation (graphite monochromator). The cell parameters obtained are in very good agreement with those reported at 123 K (Nichols & Frampton, 1998) . The data were collected for five different positions of the CCD detector, ranging from À25 to +75 in the 2 position (9300 frames). The exposure time for each frame varied between 15 and 60 s from low to high Bragg angles. A standard scan width of 0.3 in ! was chosen for this experiment in order to reconstruct the intensity peak profiles. A total of 45 383 reflections were collected up to a resolution of sin / = 1.21 Å À1 (in direct space, d = 0.41 Å ). The Bragg intensities were integrated with the SMART software packages (Bruker, 1998a,b,c) . Sorting, merging and application of the empirical absorption correction for the dataset were performed using SORTAV (Blessing, 1995) . Table 1 gives the experimental and refinement details. 1 Table 2 gives the completeness of the data with respect to the resolution as obtained after the data reduction. Completeness was reached for data with sin / < 1.02 Å À1 (4737 unique reflections versus 6435 data in the full dataset). Less complete data at a high angle are generally obtained for organic material due to the thermal smearing. High-order data are, however, necessary for a better deconvolution of the thermal motion and the electron-density parameters during the refinements. As shown in Table 1 , the statistical indices are improved for data cut off at 1.02 Å À1 . R F = 0.0180 wR F = 0.0205 R F = 0.0144 wR F = 0.0164 † R F 2 = 0.0216, wR F 2 = 0.0401 R F 2 = 0.0197, wR F 2 = 0.0323 † † Obtained indices for cut-off data at sin / = 1.02 Å À1 corresponding to a data completeness of 100%.
Other effects of completeness on the refined properties will be discussed below. In our study, the structure of paracetamol was solved by direct methods using SHELXS97 (Sheldrick, 2008) in space group P2 1 /n (Nichols & Frampton, 1998) and refined in the spherical-atom approximation (based on F 2 ) using SHELXL97 (Sheldrick, 2008) as included in the WinGX package of programs (Farrugia, 1999) . The crystal structure of paracetamol was first reported in the space group P2 1 /a (Haisa et al., 1976) . This also holds true for the recent study reporting the variation of cell parameters of paracetamol from 30 to 330 K using neutron diffraction (Wilson, 2000) . The molecular displacement ellipsoid plots were generated using ORTEPIII (Burnett & Johnson, 1996) . Fig. 1 shows the ORTEP view of the molecule and the numbering scheme used in this study.
Methods

Electron-density refinements
The experimental electron density was obtained by refinement of the collected X-ray data. In the present study, we used the least-squares MOLLY program (Hansen & Coppens, 1978) in which each pseudo-atom in the molecule has a corresponding electron density
where core and val are spherically symmetric Hartree-Fock core and valence electron densities (Clementi & Roetti, 1974) . In this model, R nl (r) is a radial function of the Slater type. In the fit procedure to experimental data, the refined P val and P lmAE parameters correspond to the valence and multipole populations. The and 0 coefficients take into account the contraction-expansion of the valence electron density (Coppens et al., 1979) . During the refinements, the octupolar level (l = 3) of the multipole expansion was used for C, O and N atoms, whereas for H atoms, the dipolar level (l = 1) was applied. Fig. 2 depicts the final residual electron density as obtained after the multipolar refinement showing the good agreement between the observed and calculated electron densities. These maps were calculated with all reflections for sin / < 1.02 Å À1 and < 1.21 Å À1 . The average internal (Cruickshank, 1949) and external (Rees, 1976 ) experimental errors are 0.032 and 0.028 e Å À3 (full dataset) compared with 0.028 and 0.022 e Å À3 for data with sin / < 1.02 Å À1 . The highest residue (0.15 e Å À3 for full data and 0.10 e Å À3 for cut-off data at sin / = 1.02 Å À1 ) is found in the C4-O4 bond. All other residues are out of the atomic bonds and are not significant. The high-order data (1698 additional unique reflections) did not decrease the quality of the refinements and add randomly on average one contour in the residual maps (0.05 e Å À3 ).
Electrostatic potential, field and interaction energy
The electrostatic potential È(r) at any point r around the molecule is calculated as
where each atom j is at position R j in the crystal lattice, Z j being its nuclear positive charge (Ghermani et al., 1992a,b,c; Bouhmaida et al., 1997) . In (2) N is the total number of atoms in the chemical system or molecule under consideration. The electric field is the negative gradient of the electrostatic potential EðrÞ ¼ ÀrÈðrÞ. Both the electrostatic potential and field exhibit the nucleophilic and electrophilic regions of the molecule and thus are related to the molecular reactivity. The electric field components were analytically calculated by our computer program FIELD based on the Hansen-Coppens electron-density model described above ( ORTEP representation of the molecular structure of paracetamol and the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level. 1992c; Bouhmaida et al., 2002) . The flux of the gradient lines of the electrostatic potential rÈ(r) vanishes through atomic basin surfaces, where the atomic charge is zero (Bouhmaida et al., 2002) . In an interatomic bond, the zero of the gradient of the electrostatic potential rÈ(r) defines a critical point (CP). The distance from each atom of the bond to the critical point yields the atomic covalent radii (Bouhmaida et al., 2002; Novaković et al., 2007) . Finally, the electrostatic interaction energy between molecules was estimated by the method developed in MOPRO and VMOPRO computer programs (Guillot et al., 2001; Jelsch et al., 2005) .
Topological analyses and derived atomic charges
The topological analysis of the electron density (r) was carried out using the NEWPROP program (Souhassou, 1999; Souhassou & Blessing, 1999) . Based on the AIM (Atoms in Molecules) theory (Bader, 1990) Residual electron density in the two main planes of paracetamol molecules: (a) full dataset; (b) cut-off data at sin / = 1.02 Å À1 . Contour intervals are 0.05 e Å À3 ; solid lines represent positive contours, dashed lines are negative contours and the zero contour is omitted. titative description of the covalent or ionic bonds, nonbonding interactions and electronic structure of atoms in molecules. The gradient of the electron density r(r CP ) vanishes at the critical points (CP) corresponding to the extrema and saddle points of (r). The Hessian matrix [tensor of second partial derivatives of (r)] generated at CP points is then diagonalized yielding three eigenvalues 1 , 2 and 3 . Their corresponding sum is the Laplacian of the electron density r 2 (r CP ). Each critical point (CP) is therefore characterized by two numbers: the number of different eigenvalues (for non-degenerate cases) and the sum of the signs of the three eigenvalues. Therefore, (3, À1) CP's correspond to common covalent bonds and (3, +1) CP's to ring critical points. The ellipticity " = ( 1 À 2 )/ 2 is an important index of the type of the chemical bonds ( or ) and was recently used to characterize electrocyclic reactions (Silva Ló pez et al., 2005) . On the other hand, the atomic basins delimited by the zeroflux surfaces of the gradient of the electron density are used to integrate physical properties like AIM atomic charges or moments.
The method used in the NEWPROP program is based on analytical calculations of topological properties and atomic surfaces. Recently, an entirely numerical and robust computation to define the atomic basins and to integrate the electrons to obtain AIM charges was developed by Henkelman et al. (2006) and is based on the steepest ascent algorithm (Sanville et al., 2007) . This approach has been implemented in the BADERWIN program (Sanville et al., 2007) . We have recently shown that the integrated atomic charges obtained by this numerical procedure are as accurate as those using sophisticated methods for experimental electron density (Courcot et al., 2007) . Moreover, the BADERWIN program provides the volume of each atom in a separate file which is very useful for further integration or to define the atomic surface. From the Gauss divergence theorem, AIM charges Q can also be estimated by the flux of the electric field E (Popelier, 2001; Bouhmaida & Ghermani, 2008 ) generated by the total charge distribution, including the positive charge of the nucleus, through the atomic basin surface S having vectors n as normals
Here t is the total charge density including the nuclear charge. Thanks to the GHS3D program (George, 1996) this atomic surface can be triangulated, using a rigorous Delaunay triangulation method, in order to numerically calculate the flux of the electric field as defined in (3).
Electrostatic forces
The Maxwell stress tensor M can be expressed from the three components of the electric field E x , E y and E z at each point r with respect to an orthonormal basis by
where (2) is the identity tensor of the order 2. For simplicity, M is multiplied by 4. The divergence of the Maxwell tensor gives
In the absence of a magnetic field (or when the magnetic field is independent of time), the rotational of E vanishes and then
The total electrostatic force acting on atom A with a basin volume can then be expressed as
Here again the total charge density is t (r) = n (r) À (r) = Z(r À R) À (r) where n and are the nuclear and electronic charge distributions. Therefore, the total electrostatic force can be expressed as
The sum of the Feynman force acting on the nucleus [here E(R) is the electric field at the nucleus] and the second term which is the force acting on the electrons within the basin of the atom, that is, the Ehrenfest force (Bader, 1998; Bader et al., 2007; Herná ndez-Trujillo et al., 2007; Bouhmaida & Ghermani, 2008) . For molecules at equilibrium, the Feynman force on each nucleus is zero. However, that is not the case when experimental electron density is used (Bouhmaida & Ghermani, 2008 , and references therein). In our calculations we use the divergence theorem to estimate the total electrostatic forces acting on atoms of the molecule
Likewise for the charges, the atomic surface is triangulated and the flux is calculated numerically. This method is more reliable because it avoids the problem of the volume integration [see (7)], especially for points close to the nucleus. In this paper we will focus on the calculation of the modulus of the total electrostatic force [see (9)] acting on each atomic basin.
density studies, high-order data bring important information for the determination of atomic positions and thermal parameters. They permit a better deconvolution of the structural parameters on one hand and the density parameters on the other. In this study 1698 high-order data were collected. We have shown in the previous sections that the statistical indices (Table 1) are improved and the residual maps are very slightly clearer. In order to highlight the contribution of the highorder data, we have compared the experimental deformation density maps {Fourier transform of the difference [F obs (mulobs(multipole phase) À F calc (spherical model)] where F obs and F calc are the observed and calculated structure factors} and the static deformation density maps. All these maps are depicted in Fig. 3 . The main features appear in the vicinity of the O8 atom lone pairs. For the full data, the electron density in the lone-pair region is well resolved in comparison to that corresponding to the cut-off data. That is clearly shown in both experimental and static electron-density maps. in the refined electron density is revealed in Fig. 2 (weak  residues) . On the other hand, examination of the refined density parameters reveals no change except for those of the O8 atom. This is an expected result because of the abovementioned correlation of anisotropic displacement parameters and electron-density populations; atoms like oxygen are more sensitive to the cut-off of the data. For this reason we decided to use the full dataset even though the high-order data has no 100% completeness; the derived results are presented here. Practically no difference in (integrated) electrostatic properties such as electrostatic potential and field or for the interaction energies has been found between the refinement against the full and cut-off datasets.
Molecular and crystal structure
The structure of monoclinic paracetamol is displayed in Fig.  1 . The molecule is not completely planar; with respect to the phenolic fragment, the torsion angles are H4-O4-C4-C3 = 18.79 (4) for the hydroxyl group and C8-N7-C1-C6 = À22.60 (3) for the amide fragment. These values are very different from those found in monohydrate (Parkin et al., 2002) or in trihydrate paracetamol (McGregor et al., 2002) . As shown in Fig. 4 , paracetamol molecules form zigzag chains parallel to the c axis and are interconnected via hydrogen bonds. The main hydrogen bonds involve the O4, O8 and N7 atoms. The O4 atom of the phenolic OH group is simultaneously a donor and acceptor. This gives rise to R 4 4 ð22Þ rings (Bernstein et al., 1995) involving four paracetamol molecules. The hydrogen bonds create an arrangement of interconnected molecules in a sheet-like form. A weak intramolecular interaction also occurs between the O8 and C6 atoms [H6Á Á ÁO8 = 2.3183 (3) Å ]. The sheets of molecules stack by À interactions approximately along the b axis as can be seen at the bottom of Fig. 4 . The distance between two face-to-face molecules is around 3.3 Å and the N7 atoms point toward the centre of the adjacent phenolic ring (bottom right of Fig. 4 ), as can be expected from electrostatic considerations.
Charge density and topological analysis
The top of Fig. 5 depicts the electron-deformation density in the two main planes of the paracetamol molecule. These maps show the concentration of the electron density (solid lines) between the connected atoms and in the lone-pair regions of O4 (OH group) and O8 (CO group) atoms. The depletion of the electron density, shown as dashed contours in Fig. 5 , found near the H atoms reveals their polar character. All other features, like electron-density peak heights of 0.6-0.7 e Å À3 in C-C, C-N and C-H bonds are very comparable to those reported for organic molecules. C-O and C O bonds are also clearly differentiated: in the C4-O4(H4) [1.3665 (3) Å ] single bond, the maximum of the deformation electron density is found to be equal to 0.50 e Å À3 , whereas in the C8 O8 double bond [1.2394 (3) Å ], the maximum reaches 0.85 e Å À3 . The double N7-H7Á Á ÁO4-H4Á Á ÁO8 hydrogen bond [O4Á Á ÁN7 = 2.9050 (3) and O4Á Á ÁO8 = 2.6535 (4) Å ] is depicted in the bottom of Fig. 5 . The polarization of the electron density of H atoms and oxygen lone pairs is clearly shown characterizing these two strong hydrogen bonds.
The topological characteristics of the electron density of the paracetamol molecule are reported in Table 3 . For all bonds in the isolated molecule the Laplacian of the electron density is negative, emphasizing their shared-shell type, i.e. a covalent character with (3, À1) bond-critical points (BCPs). The Laplacian is, however, positive (closed-shell type) in the hydrogen bonds. In addition to the values reported in Table 3 , a (3, +1) ring CP was found in the center of the phenolic group at 1.38 Å from the C atoms with r 2 (r CP ) = 3.363 e Å À5 and (r CP ) = 0.141 e Å À3 . The C-C bonds of the phenolic group exhibit the same topological characteristics: Laplacian values in the narrow range of À16.3 to À17.6 e Å À5 and an electron density equal to 2.0 e Å À3 at the BCP located approximately in the middle of the bonds. As can be expected for a ring fragment with a pronounced character, the ellipticities are high with an average value of 0.24. The topological properties of the C8-C9 bond of the amide group are clearly different (Table 3) . C-H bonds of the phenolic ring have the same topological properties: on average r 2 (r CP ) = À16.9 e Å À5 , Table 3 Topological properties of the electron density of paracetamol.
(r CP ) and r 2 (r CP ) are the electron density and the Laplacian values at the critical points (CP); " is the ellipticity of the bond. (r CP ) = 1.75 e Å À3 and " = 0.07. For the methyl group, the electron-density values at the bond-critical points are comparable to those of aromatic C-H bonds, but the Laplacian is lower with values around À11.0 e Å À5 . However, the ellipticities for C-H of the methyl group are in the range 0.2-0.3, significantly higher than those of aromatic C-H bonds. For comparison, more polar bonds such as N7-H7 and O4-H4 have higher Laplacian values (À22.5 e Å À5 on average) and concentrations of electron density at the BCP (2.1 e Å À3 ). Finally, the difference in strength of the C-N and C-O bonds is clearly shown in Table 3 through their topological features. The shortest C8-N7 and C8 O8 bonds exhibit the highest magnitudes of Laplacian and electron density at the critical-point sites. All the values given in Table  3 are in good agreement with those reported in the comparative topological study of peptides and amino acids (Benabicha et al., 2000) .
Electrostatic potential and field
The electrostatic potential generated by an isolated molecule of paracetamol is displayed in Fig. 6 . On one side of the molecule, from H4 (OH group) to the methyl group, a large region of positive electrostatic potential (electrophilic region) is displayed. The negative electrostatic potential (nucleophilic part) is generated not only by the most negatively charged O atoms, O4 and O8, but also by the delocalized electrons of the phenolic ring. The minimum of the electrostatic potential is found in the vicinity of the O8 atom and reaches À0.233 e Å À1 . The topology of the electrostatic potential was carried out using the electric field. Fig. 7 depicts the gradient lines around the paracetamol molecule as obtained by our computer program FIELD (Ghermani et al., 1992c) . As for the electron density, the zero-flux surfaces of the electric field lines define atomic basins with different shapes in relation to their chemical environment and hybridization: sp 3 C and N basins have a prismatic form, whereas O atoms have a drop-like shape. Peripheral H atoms, however, exhibit open volumes. From Gauss's law, these atomic basins are obviously neutral since the electric field is tangent to the atomic surface or vanishes at the critical points. Therefore, the electron density inside the atomic basin neutralizes the positive charge of the nucleus. For comparison, the Bader atomic basins (based on the electron density) are also projected for some atoms in Fig. 7 . Negatively charged atoms such as O and N exhibit larger Bader atomic basins compared with those obtained from the topology of the electrostatic potential. Conversely, positively charged atoms (like C8) have smaller Bader's atomic basins. In Fig. 7 different kinds of critical points are shown: (3, À1) saddle BCPs between covalently linked atoms or in the hydrogen bonds, (3, +3) local minimum critical points found near O atoms and (3, +1) ring-critical point found in the center of the phenolic group. It was previously shown that the distances from the BCP and the connecting atoms can define the atomic covalent radii (Bouhmaida et al., 2002) . It is worthy to note that other (3, +1) ring-critical points, not reported in Fig. 7 , were found close to H4 and H3, and in the regions of atoms H2, H7, H7 and H93. Topological features of the electrostatic potential are given in Table 4 . Values of the electrostatic potential È(r CP ) and electron density (r CP ) at different CPs are reported. Especially for the (3, À1) saddle BCPs, the competition between the contribution of the positive charge of the nucleus and the surrounding electron density is highlighted. As expected, the values of the electron density at these potential BCPs are higher than those found at the electron density BCPs. These accumulations are the consequence of the stabilization of the electrostatic force between the two atoms during the bond formation (Bader, 1990) . Table 5 reports the AIM atomic charges calculated by different methods. The charges calculated by the electric flux [see (3)] are consistent with those obtained by the conventional volume integration methods. The differences do not exceed 0.11 e between the charges from BADERWIN (Sanville et al., 2007) and those from the flux of the electric field. However, discrepancies are larger between the charges obtained from NEWPROP (Souhassou, 1999; Souhassou & Blessing, 1999) and those of the two other methods, and even reach 0.35 e for the C9 atom. In all the calculations the atomic charges are in agreement with the chemical environment in the paracetamol molecule: the most negative charges are carried by O4, O8 and N7, this latter being slightly more charged than both the two O atoms. As can also be expected, the most positive charge (+1.0 e) is obtained for the C8 atom of the C O group. Finally, H4 bonded to O4 and H7 bonded to N7 exhibit the highest positive charges among the H atoms of paracetamol. An obvious consistency is observed between the atomic charge distribution and the features of the molecular electrostatic potential (Fig. 6) : the negative region envelopes the external negatively charged O4 and O8 atoms, while the N7 atom screened off by the surrounding atoms exhibits in its vicinity a positive electrostatic potential. This agrees with the expected nucleophilic attack on this N7 after the deacetylation of the paracetamol molecule in the organism yielding a reactive metabolite to form the AM404 inhibitor (Hö gestä tt et al., 2005) responsible of the analgesic action of this drug.
Atomic charges and forces
As explained in x3 we have calculated the experimental electrostatic forces acting on each atomic basin of the paracetamol using the flux of the Maxwell stress tensor [see (9)]. The values are reported in the last column of Static electron deformation-density maps. Top: in the two main planes of the isolated paracetamol molecule: phenolic ring (a) and amide fragment (b). Bottom: in the plane of the double hydrogen bond N7-H7Á Á ÁO4-H4Á Á ÁO8 (c). Contour intervals are 0.05 e Å À3 ; solid lines represent positive contours, dashed lines are negative contours and the zero contour is omitted. electrostatic force exerted on the external molecular surface is zero (last value in Table 5 ). As we have reported earlier (Bouhmaida & Ghermani, 2008) , the atomic electrostatic force reflects the anisotropy of the electron density in different bonding directions and therefore is related to the hybridization state and also to the local symmetry of the atomic site. Recall that the Maxwell stress tensor [see (4)] has a dimension of pressure and therefore its offdiagonal elements E i E j are both sensitive to the sign of the electrostatic potential and to its gradient magnitude. In Table 5 the moduli of the electrostatic forces vary in a wide range from 0.05 to 1.2 e 2 Å À2 . However, some trends can be observed for the different groups of atoms in the molecule: C4-O4 having atomic force moduli of 0.243 and 0.403 e 2 Å À2 , C8 O8 with atomic force moduli of 0.547 and 1.171 e 2 Å À2 . It is worth noting that these bonds are in the regions where the negative potential gradient is increasing. The positive region of C1-N7 exhibits, however, small force values of 0.14 and 0.17 e 2 Å À2 . Electrostatic potential of the paracetamol for three orientations of the molecule. The pale grey isosurface corresponds to +0.15 e Å À1 . Two isovalues of the negative electrostatic potential are presented in brown, À0.15 (inner surface) and À0.10 e Å À1 (outer surface). This figure is in colour in the electronic version of this paper. Table 4 Topological properties of the electrostatic potential of paracetamol.
(r CP ) and È(r CP ) are the electron density and the electrostatic potential values at the critical points (CP). The C2, C3, C5 and C6 phenolic C atoms have an average force modulus of 0.06 e 2 Å À2 reflecting a nearly isotropic electron density. C atoms linked to H atoms have force moduli varying from 0.29 to 0.33 e 2 Å À2 , except for the H93 atom (0.19 e 2 Å À2 ). A lower value (0.18 e 2 Å À2 ) is observed for H4 and H7 bonded to O4 and N7 atoms and involved in strong hydrogen bonding.
Electrostatic energy between dimers
Each paracetamol molecule is involved in 12 intermolecular contacts in the crystal lattice ( Table 6 ). Five of the dimers of molecules actually have a twin dimer which displays the same intermolecular interactions. In the twin dimers the reference and neighbouring molecules are related by inverse symmetric operators. For two of the dimers (#6 and #7), the symmetry operator is involutive. Therefore, there are seven independent dimers in the crystal. The electrostatic energy due to the deformation part of the electron density was computed for the interacting dimers (Table 6 ). The first two dimers with the strongest interaction correspond to the two hydrogen bonds O4Á Á ÁH7-N7 and O8Á Á ÁH4-O4. The interaction of the deformation densities can be seen in Fig. 5(c) . The third dimer consists of a weak O8Á Á ÁH92-C9 hydrogen bond. The other dimers occurring in the crystal correspond to weak van der Waals contacts, with the shortest distances involving HÁ Á ÁH interactions.
Conclusions
The current study provides an experimental analysis of the features of the electron density and electrostatic properties of monoclinic paracetamol. Characterization of the chemical bonds is established from the topological analysis of both electron density and electrostatic potential. Atomic basin surfaces are triangulated using a rigorous Delaunay procedure which allows the flux of the electric field and the Maxwell Table 6 List of dimers in the crystal packing.
The two closest interacting atoms for each dimer, the distance and the symmetry relating the two molecules are indicated. The dimers are ranked according to the electrostatic interaction energy. The involutive symmetry operators are marked (inv).
Dimer no. Atom 1 Atom 2 Distance (Å ) Symmetry E def (kJ mol À1 ) 1 O4 H7 1.9275 x À 1 2 ; Ày þ 1 2 ; z À 1 2 À63.76 2 O8 H4 1.6966 x À 1 2 ; Ày þ 1 2 ; z þ 1 2 À46.68 3 H92 O8 2.7062 Àx þ 3 2 ; y À 1 2 ; Àz þ 3 2 À41.28 4 H92 H4 2.6565 Àx þ 2; Ày; Àz þ 1 (inv) À23.82 5 H93 H2 2.5015 Àx þ 5 2 ; y À 1 2 ; Àz þ 3 2 À1.34 6 H6 H6 2.2263 Àx þ 1; Ày; Àz þ 1 (inv) À0.04 7 H5 H4 2.7269 Àx þ 3 2 ; y À 1 2 ; Àz þ 1 2 7.16
Figure 7
Electric field lines of the paracetamol molecule. The dotted bold lines are the boundaries of the Bader's atomic basins. The arrows indicate the directions of the electric field. 'CP' designates the critical points of the electrostatic potential.
